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A B S T R A C T   

With the use of ductile stainless steel bolts and hot-rolled sections/plates as critical connection components, the 
progressive collapse resistance of bolted beam-to-column connections may be effectively enhanced at relatively 
low costs. To verify the viability of this concept, a comprehensive numerical study is performed to investigate the 
collapse-resisting performances of flush end-plate (FEP) and web angle (WA) connections equipped with stainless 
steel components. Through a detailed parametric study with various connection configurations and structural 
layouts, it is proved that the use of stainless steel components can produce remarkable enhancement to the 
collapse resistance of the connections. The average increase in dynamic load capacity is 30% for FEP connections 
using stainless steel bolts instead of carbon steel bolts. This average ratio can be as large as 109% for WA 
connections with the use of stainless steel bolts and web angles. These results clearly demonstrate the great 
potential of using stainless steel components in steel connections for collapse-resisting purposes. Similar concepts 
may be naturally applied in many other scenarios where the ductility of a few critical components controls the 
robustness of the entire system.   

1. Introduction 

Progressive collapse is a phenomenon in which local structural 
damage spreads successively to adjacent structural components, even-
tually leading to a collapse that is disproportionate to the initial damage 
[1]. For steel and composite frames under local column removal sce-
narios, the spread of initial damages could be prevented by providing 
alternative load paths to redistribute the load previously resisted by the 
failed columns [1,2]. Such paths are generally realised through three 
load-carrying mechanisms: 1) flexural mechanism [3]; 2) tensile cate-
nary action of floor beams [2]; and 3) tensile membrane action of floor 
slabs [2,4]. Experimental evidences have shown that the progressive 
collapse resistance of steel and composite frames mainly depends on the 
development of catenary and membrane actions, which are frequently 
limited by the ductility of the beam-to-column connections located in 
the bays directly affected by the removed columns [5–14]. To this 
concern, a great deal of research [15–20] has been devoted to investi-
gating the ultimate behaviour and ductility of different beam-to-column 
connections under combined flexure and tension. In addition, 
strengthening strategies for beam-to-column connections have been 
proposed to enhance their resistance/robustness against progressive 

collapse. Typical examples involve optimisations of connection config-
uration [21–23], or providing additional load paths through installing 
extra structural components, such as cover plate or shear plates with 
slotted bolt holes [23–25], steel strands [25,26], steel rods [27], 
corrugated steel plates [28], and kinked bars [29] etc. However, the 
adoption of such strategies is usually impeded by excessive cost or sig-
nificant alternations to established design principles. 

Owing to its excellent corrosion resistance and aesthetic appearance, 
stainless steel has long been applied in seaside, offshore and bridge 
structures, as well as facades and skins of building structures [30]. In 
addition, some stainless steel categories, especially austenitic stainless 
steels, are known to possess high ductility and strong strain-hardening 
[31,32]. These characteristics may benefit the structural performance 
under seismic and progressive collapse scenarios, where a few critical 
connections or members are subjected to large ductility demands. In this 
light, Di Sarno et al. [33–35] investigated the improved seismic per-
formance of steel frames with stainless steel members. Culache et al. 
[36] and Satheeskumar and Davison [37] examined the potential of 
using stainless steel bolts for enhancing the structural robustness in 
impact and fire scenarios. Tests conducted by the first author [38,39] 
recorded the maximum elongations of stainless steel bolts being up to 9 
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times greater than that of a Grade 8.8 carbon steel bolt, which could be 
useful for progressive collapse prevention. More recently, experimental 
tests have shown the high rotation capacities of stainless steel [40–45] 
and composite stainless steel–concrete [46] beam-to-column joints. 
However, since these joint tests were all performed under pure flexural 
action, direct conclusions were not drawn regarding the connection 
performance under progressive collapse scenarios, where the catenary 
(tensile) action could be dominant. In this regard, a pilot analysis was 
performed by Wang et al. [47] on stainless steel–concrete composite 
frames under different column removal scenarios. A modified dynamic 
increase factor was proposed for the robustness assessment of such 
structures. Vasdravellis and his co-workers recently proposed and veri-
fied [48,49] the use of hourglass-shaped stainless steel pins for retro-
fitting steel joints against progressive collapse. Excellent performances 
were observed in the experimental tests, mainly owing to the high 
ductility of stainless steel devices. However, this method is again chal-
lenged by the high manufacturing cost and significant changes to the 
original connection configuration. Accounting for the balance of per-
formance and cost-efficiency, a more promising strategy may be the 
direct replacement of critical connection components (expected to un-
dergo large deformations) with corresponding stainless steel ones. This 
method would be suitable for both new constructions and retrofitting of 
existing structures, with minimum disturbance to established design and 
construction practices. The expected cost of this method is significantly 
lower than the others: since the replacements are limited to a small 
amount of critical components using commercially available stainless 
steel products. 

Based on the above discussions, it is clear that the research on using 
stainless steel for progressive collapse-resisting purposes is still rather 
scarce in comparison with its great potential. Specifically, the perfor-
mance of common beam-to-column connections with stainless steel 
components, against typical progressive collapse scenarios (e.g. column 
removal), has not been quantitatively evaluated before. In this light, this 
paper presents a pilot numerical study on the progressive collapse 
resistance of bolted beam-to-column connections, equipped with ductile 
stainless steel components. Two common types of bolted connection, 
namely flush end-plate (FEP) and web angle (WA) connections were 
considered in this study, representing typical semi-continuous and 
normally pinned configurations. Based on the viability and effectiveness 
concerns, the application of stainless steel is confined in bolts and bolted 
web angles in this study. The use of stainless steel end-plates in FEP 
connections is not considered, which is primarily due to the extra pro-
cesses and costs required for welding stainless steel end-plates to carbon 
steel beams [50], hence making it less favourable for engineering 
practice. Finally, it should be noted that some special considerations are 
needed for the use of stainless steel components in steel structures. First 
and foremost, joining stainless steel components to carbon steel mem-
bers may raise the issue of galvanic corrosion (also known as bimetallic 
corrosion), which could accelerate the corrosion in the less noble metal 
(carbon steel), hence detriment the overall durability of the structure. In 
the proposed connections, the galvanic corrosion issue could be handled 
by proper insulating the stainless steel and carbon steel components, or 
coating the connected region [51]. The latter approach might be more 
preferable since it is very similar to conventional corrosion protection 
methods for carbon steel structures. Moreover, the bolt preload [52] and 
slip factor [45,53,54] could be different in stainless steel bolted con-
nections compared with those in carbon steel connections. However, 
these will be not discussed further since only snug-tight connections are 
considered in this study. 

The results reported in this paper provide the much-needed infor-
mation of to what extent can the use of stainless steel components 
enhance the overall progressive collapse resistance of connections. The 
findings may open a new horizon for developing innovative and cost- 
efficient collapse resisting strategies using various types of stainless 
steel components. 

2. Ductility and material models of stainless steel and carbon 
steel components 

This section first introduces the superior ductility of austenitic 
stainless steel components, which is of critical importance to the pro-
posed concept. It should be noted that other common categories of 
stainless steel, including ferritic and duplex grades, are less suitable for 
collapse-resisting applications since their ductility is only slightly higher 
than that of carbon steels. Therefore, in the remaining of this paper, the 
term “stainless steel” will be denoting austenitic stainless steel unless 
stated otherwise. 

Fig. 1(a) and (b) show the test results (axial tension) of typical 
stainless steel and carbon steel materials in hot-rolled (plates or sec-
tions) [44,55] and bolt [38] conditions. It can be clearly identified that 
the stainless steel materials exhibit remarkably higher deformation ca-
pacity than their carbon steel counterparts. Specifically, an A4-80 
stainless steel (partially threaded) bolt reaches a maximum elongation 
as large as 7 times greater than that of a Grade 8.8 (G 8.8) carbon steel 
bolt (Fig. 1(b)). Such high ductility of stainless steel bolts is attributed to 
its unique failure mode, with fracture occurs in the unthreaded shank 
after considerable elongation and necking [38] (see Fig. 1(b)). In com-
parison, a carbon steel (G 8.8) bolt always fractures in the threaded 
portion, which is more brittle and generally has shorter deformable 
length as well. The specific failure mode of stainless steel bolts was 
consistently observed in the tests of A4-70 and A4-80 (austenitic) bolts 
[36,38,56], which is owing to the strong work hardening characteristic 
of austenitic stainless steel, leading to higher load capacity of the 
threaded portion (that is subjected to cold rolling during manufacturing) 
as compared with the unthreaded shank [38]. It should be noted that 
this specific failure mode was not always observed for duplex stainless 
steel bolts [39,56], due to the less significant work-hardening of duplex 
stainless steel compared with the austenitic counterparts. 

Proper constitutive and fracture models for stainless steel and carbon 
steel components are pivotal to accurately simulating their ultimate 
behaviours under progressive collapse scenarios. In this study, a true 
stress–strain model capable of capturing the full-range material response 
up to fracture [38,39,44] was adopted. The model can be expressed as: 
{

εt = ln(1 + ε), σt = σ(1 + ε)(ε ≤ εu)

σt = σt,u

[
we(εt − εt,u) + (1 − w)

]
(ε > εu)

(1) 

where ε and σ are the engineering strain and stress, while the 
subscript t denotes the corresponding true values; εu (εt,u) and σu (σt,u) 
are the engineering (true) strain/stress at necking. The first expression of 
Eq. (1) is the well-known relationship between engineering and true 
stress-strains before the onset of necking. The second expression, on the 
other hand, gives the post-necking true stress–strain relationship, where 
w is a factor controlling the shape of the stress–strain curve: 

w = 1/
[
1+ a1

(
εt − εt,u

)a2 ] (2) 

It should be noted that the true stress–strain relationship after 
necking cannot be explicitly determined from the engineering stress–-
strain due to the strain localisation and triaxial stress state in the necking 
zone. For this reason, the factor w (with two controlling parameters a1 
and a2) was derived through a trial-and-error process: different values of 
a1 and a2 were trialled until a satisfactory matching is achieved between 
the tested post-necking behaviour and the parallel FE simulation, as 
shown in Fig. 1(a) and (b). 

In companion with the full-range true stress–strain, the void-growth 
model (VGM) [58] was adopted for the fracture simulation of the critical 
components that are subjected to tension-dominant ductile fractures. 
This model predicts the initiation of fracture when the following crite-
rion is satisfied: 

ωF =

∫
dεpl

εpl,frac
= 1 (3) 
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εpl,frac = CVGMe(− 1.5η) (4) 

where ωF is a dimensionless fracture index (0 ≤ ωF ≤ 1) increasing 
monotonically with the equivalent plastic strain εpl; εpl,frac is the plastic 
strain at fracture corresponding with a given stress triaxiality η; The 
integration of Eq. (3) accounts for the variation of triaxiality (hence the 
variation of εpl,frac) throughout the loading. In Eq. (4), CVGM is a material- 
dependent parameter needs to be calibrated by a tensile test (of standard 
tensile coupon or bolt) and the parallel FE simulation. As detailly out-
lined in Ref. [57], CVGM can be determined by substituting the histories 
of εpl and η of the critical element (where fracture first occurs, typically 
located at the geometric centre of a specimen in tension), obtained from 
the FE simulation, into Eqs. (3) and (4). The integration in Eq. (3) should 
be performed up to the first fracture, which can be identified by a sudden 
load drop (corresponding to break of the test piece) on the test curve 
(Fig. 1(a) and (b)). 

During the analyses of WA connections, it was noticed that the shear 
effect of stainless steel bolts cannot be neglected in simulating bolt 
fracture (this will be further discussed in Section 5.2). In such scenarios, 
a fracture criterion capable of predicting bolt fractures under combined 
tension and shear [38,59,60] was adopted instead of VGM. The 
expression of the criterion is similar to that of VGM, with the fracture 
strain (Eq. (4)) being modified to account for an additional parameter 
related to shear-dominant fractures under low triaxialities: 

εpl,frac =

⎧
⎪⎪⎨

⎪⎪⎩

∞, η ≤ − 1/3

C1/(1 + 3η), − 1/3 < η ≤ 0

C1 + (C2 − C1)(η/η0)
2
, 0 < η ≤ 1/3

C2η0/η, η > 1/3

(5) 

This criterion contains two parameters C1 and C2, which can be 
calibrated by two bolt tests under pure tension and pure shear, respec-
tively. These parameters were calibrated and validated against tests of 
A4-80 bolts under various angles, producing different combinations of 
tension and shear [57] (Fig. 1(c)). Detailed calibration process has been 
presented elsewhere [38,44,57] hence not repeated here. 

Table 1 summarises the fracture and constitutive parameters for 
different stainless steel and carbon steel components calibrated based on 
previous material tests [44,55,57,61], which will be adopted in the 
remaining analyses in this study. 

3. Finite element modelling 

3.1. Description of FE model 

To evaluate the progressive collapse-resisting performance of beam- 
to-column connections with and without stainless steel components, a 
series of quasi-static push-down analyses under middle column removal 
were performed. Fig. 2 illustrates the prototype structure (plane frame) 
for these analyses, where only a half structure is shown due to symmetry. 
It should be noted that the out-of-plane restraints provided by the 
transverse beams (and their connections) and the composite floor slabs 
also contribute to the progressive collapse resistance of the entire system 
[2,4,62,63]. However, since the objective of this work is to evaluate the 
performance of beam-to-column connections, the out-of-plane effects 
were ignored to enable the isolation of the connection behaviour. 
Similar treatments can be also found in previous works focusing on the 
progressive collapse performance of beam-to-column connections 
[14,15,19]. 

In a middle column removal scenario, the nearest beam spans on 

Fig. 1. Calibration of constitutive and fracture models: (a) engineering stress–strain curves of hot-rolled carbon and stainless steel plates (angles) [44,55]; (b) load- 
elongation curves of carbon and stainless steel bolts [57]; (c) load-deformation curves of stainless steel (A4-80) bolts under different combinations of tension and 
shear [57]. 

Table 1 
Calibrated constitutive and fracture parameters of materials.  

Material Elastic modulus 
(GPa) 

Yield stress 
(MPa) 

True strain at necking εt,u 

(mm/mm) 
True stress at necking 
σt,u (MPa) 

Post-necking 
parameters  

Fracture 
parameters       

a1 a2 CVGM  

Hot-rolled S275 [55] 210 350  0.134  538.1 2.0  1.0 1.2  
Hot-rolled 304L [44] 190 256  0.470  993.2 4.0  2.0 2.5  
G 8.8 partially threaded 

bolt [57] 
207 799  0.060  932.3 5.0  1.0 0.65  

G 8.8 fully threaded bolt  
[57] 

207 680  0.060  1025.5 5.0  1.0 0.85  

G 10.9 partially threaded 
bolt [61] 

210 1013  0.061  1105.4 150  2.0 1.0  

A4-80 partially threaded 
bolt (T1) [57] 

188 862  0.060  1039.9 2.0  1.0 –         

C1 C2 

A4-80 partially threaded 
bolt (U1) [57] 

188 522  0.180  851.8 1.3  2.5 0.66 2.94  

1 : “T” denotes the threaded portion of a PT bolt; “U” denotes the unthreaded portion. 
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both sides of the removed column are directly affected, which are 
referred to as the “collapsing spans” in this study (Fig. 2). The remaining 
spans of the structure, namely the “surrounding spans”, provide re-
straints to the collapsing spans. The robustness of the entire structure in 
this scenario largely relies on the load carrying capacity and ductility of 
the beam-to-column connections within the collapsing spans, namely 
the “critical connections”. If the coupling effect between the collapsing 
and the surrounding spans is neglected, the lateral restraints of the 
surrounding spans can be idealised as a series of elastic/inelastic springs 
(with stiffness Ksf) connected to the far ends of the collapsing spans (A). 
Given that all the critical connections have the same configuration, and 
their moment-rotation behaviours are the same under positive and 
negative moments, each of the beams in the collapsing spans will have 
antisymmetric internal forces (with equal axial forces and reversed 
bending moments at near-end B and far-end A) [15]. Therefore, a 
“critical sub-structure” containing a half beam span (MB) and only one 
critical connection on each side of the removed column (highlighted in 
blue in Fig. 2) can be taken to represent the response of the collapsing 
spans. The end M of the critical sub-structure corresponds to the point of 
contraflexure at the mid-span of the beam, which can be modelled as a 
pin support restrained by a horizontal spring (of which the stiffness 
should be 2Ksf as explained below). Due to the antisymmetric internal 
forces within span AB, the relative deformations of the beam are also 

antisymmetric about the point M. Therefore, the relative horizontal 
movements (with respective to M) at A and B should be of equal value 
and opposite directions. Given the absolute horizontal movement at the 
near-end B is equal to zero (as there is negligible horizontal movements 
at the surface of the middle column), the absolute horizontal movement 
at end A should be two times that at mid-span M. Considering the near 
constant horizontal forces along span AB, the horizontal restraining 
stiffness (horizontal force/horizontal movement) for the critical sub- 
structure at M (2Ksf) should be two times that at A (Ksf). The validity 
of the above simplifications for the critical sub-structure was proved 
through a comparative FE analysis with full and half spans of the beam. 
As shown in Fig. 3, the half span model with a horizontal restraining 
stiffness of 2Ksf predicts a nearly identical load–displacement response 
to the full span model with restraining stiffness Ksf. 

Fig. 4 shows the FE model of a critical sub-structure developed on the 
platform of ABAQUS [64]. Accounting for the symmetries about the YZ 
(mid-thickness plane of the beam and column webs) and XY (mid-depth 
plane of the column) planes, only a quarter of the sub-structure was 
modelled. The symmetric boundary condition required the surfaces (of 
the beam, column and end-plate) lain on the YZ plane to be restrained 
against movements in the X direction. On the other hand, the surfaces (of 
the column and its stiffeners) on the XY plane were restrained against 
movements in the Z direction, hence the column was only allowed to 

Ksf

Ksf

Lb Lb

Fig. 2. Prototype structure for push-down analysis under a middle column removal scenario.  

Fig. 3. Validation of the critical sub-structure: (a) FE models with full and half beam spans; (b) analysis results (vertical load-displacements).  
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slide in the vertical (Y) direction. The simply supported condition at the 
boundary of a beam (point of contraflexure) was realised through a 
reference point (pin) coupled with the beam cross-section, which is 
restrained against all degrees of freedom except the horizontal 
displacement (Uz) and the in-plane rotation (URx). The pin is connected 
to a linear spring, representing the lateral restraint acting at the point of 
contraflexure. The stiffness of the spring (Ksf) is half of that in Figs. 2 and 
3 (2Ksf), since only a half of the beam cross-section is modelled (due to 
the symmetry about the YZ plane). The value of Ksf was determined 
based on a set of linear elastic plane frame analyses, considering 
different restraining conditions of the surrounding span, as shown in 
Fig. 5. The external load was applied via imposing vertical displace-
ments (Uy) to a reference point (RP) coupled with the top surface of the 
column. A relatively short column length (1000 mm) was adopted in all 
the models, since the stresses and deformations were found to be 
negligible out of the panel zone (above and below the column web 
stiffeners). A work conducted by Li et al. [5] concluded that the column 
length has no effect on the structural behaviour of steel beam-to-column 

connections under a column removal scenario, where the structural 
behaviour can be well simulated by only allowing vertical slides of the 
columns. 

As shown in Fig. 4, the FE models for FEP and WA connections were 
only differentiated in the connection region. The beam and column in 
each of the WA connections were separated by a gap of 15 mm. The 
detailed configurations of these connections are shown in Fig. 6. The 
constitutive parameters (true stress–strain) calibrated in Section 2 
(Table 1) were input into the FE models, along with von Mises yield 
criterion and isotropic hardening. The simulation of fracture was 
enabled using the built-in “ductile damage” module (adopting the 
fracture criteria and parameters in Section 2) and “element deletion” 
option. The weld metals in the FEP models were assumed to be free from 
fracture, since the fillet welds were designed to be overstrength to avoid 
premature brittle failures prior to end-plate fractures. In line with a 
mesh sensitivity analysis conducted elsewhere [57], C3D8I (an 8-node 
3D brick element with 8 integration points and incompatible modes) 
elements with 1 mm mesh size were adopted for the critical connection 
components where fractures are expected to take place. These include 
the regions close to the weld toes of end-plates and the roots of web 
angles, as well as all the tension bolts (connecting to the column flange). 
The element type and mesh size of the critical components were iden-
tical to those adopted in calibrating the material parameters (Section 2), 

A 0.78A0

Ksf

A A0

Lb

Fig. 4. FE model of a critical sub-structure.  

Ksf
Ksf

Ksf Ksf

Ksf

Ksf

Fig. 5. Lateral restraining stiffness Ksf with different surrounding 
span conditions. 

ap ap

apap

a p
a p

a p
a p

t

t

Fig. 6. Configurations of connections for parametric analysis: (a) FEP 
connection; (b) WA connection. 
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hence could minimise the potential effect of FE mesh on fracture pre-
diction. To reduce the overall computational cost, C3D8R (with reduced 
integration) elements with coarser mesh sizes were applied for the other 
less critical components. The interactions between different components 
were modelled by the “general contact” option in ABAQUS. The contact 
behaviour in the normal direction was set to be “hard”, i.e. the pene-
tration at the contact interface is minimised; whilst the tangential con-
tact behaviour was defined by a penalty friction formulation, with a 
friction coefficient of 0.2. Within the scope of this study, all the bolts in 
the FEP and WA connections are considered to be snug-tight, hence bolt 
preload was not modelled in the FEA. 

With the incorporation of fracture simulation in the FEA, an implicit 
algorithm (ABAQUS/Standard) will encounter convergence issues, 
hence the post-fracture behaviour (after element deletion) will be un-
available from the analysis. To overcome this difficulty, an explicit dy-
namic solver (ABAQUS/Explicit) was adopted in this study, which has 
been commonly used for progressive collapse simulations 
[14,16,19,65]. In order to guarantee the quasi-static loading condition 
using the dynamic explicit solver, the time span was carefully selected to 
reduce the dynamic effect. Furthermore, mass-scaling was applied to the 
model to reduce the computational cost. The mass density of the smallest 
elements (in the critical components) was amplified artificially, 
increasing the size of the stable time increment (time Inc.) from 
approximately 5E-8 to 1E-6 s. This could in turn reduce the running time 
to around 1/20 of that without mass scaling. Fig. 7(a) compares the 
analysis results of a FEP connection with and without mass scaling, 
where one can see that the adoption of mass scaling has barely any effect 
on the load–displacement responses before and after fracture. In addi-
tion, Fig. 7(b) compares the load–displacement responses obtained 
through ABAQUS/Explicit (with the stable time increment scaled to 1E- 
6 s) and ABAQUS/Standard (static analysis) of the same FEP connection, 
as well as a WA connection. It can be seen that the analysis results agree 
very well until the terminations of the implicit algorithm (due to 
convergence issue). This comparison further proves the feasibility of the 
adopted explicit algorithm for quasi-static analyses. It should be noted 
that the use of explicit algorithm (either with or without mass scaling) 
inevitably caused some oscillations of load after a fracture (Fig. 7), 
which is due to the extra kinetic energy caused by the sudden drop of 
load. Such oscillations were gradually stabilised with the continuing of 
analysis before the next fracture. To facilitate the interpretation of the 
connection behaviour, the oscillating curves were post-processed by a 
Gaussian filtering algorithm. The “smoothed” curves (see Fig. 7(b)) 
obtained in this way are used in the remaining discussions in this study. 

3.2. Model validation 

The developed FE models were validated against previous experi-
mental tests of beam-to-column connections under middle column loss 
scenarios. These tests contain similar connection configurations and 
loading conditions to the critical sub-structure modelled in this study 
(Fig. 4). All the test specimens are fully made of carbon steel (S275), 
given the lack of relevant tests of connections with stainless steel com-
ponents. For FEP connections, two tests (P-1 and P-2) reported by Kukla 
and Kozlowski [19] were employed, which contain FEP connections 
with 10 mm or 20 mm end-plates and two rows of M20 G 10.9 bolt. On 
the other hand, two WA specimens tested by Yang and Tan [20] (W-8 
and W-12), having 8 mm or 12 mm web angle cleats and three bolt-rows 
(M20 G 8.8 fully threaded bolts), were simulated to validate the WA 
models. Fig. 8 shows the FE models for these test specimens, where the 
critical dimensions and section profiles are given. Similar to the critical 
sub-structure shown in Fig. 4, a one-quarter model was employed for the 
WA specimens (Fig. 8 (b)) considering the symmetries about XY and YZ 
planes. The modelled boundary conditions were practically the same to 
those in Fig. 4, expect that the reference point (pin) was placed at a 330 
mm distance to the beam end, in accordance with the actual configu-
ration of the test rig. In modelling the FEP specimens (Fig. 8(a)), the 
symmetry about YZ plane was not considered, hence the model was one 
half of the actual geometry. This is to capture the out-of-plane defor-
mation (buckling) of the unstiffened column web, which was observed 
in these tests. In both cases, the stiffness of the spring connected to the 

Fig. 7. Comparison of simulated load–displacement responses: (a) explicit algorithm with different mass scaling; (b) explicit and implicit algorithms.  

Fig. 8. FE models of previously tested specimens for validation purpose: (a) 
FEP connection; (b) WA connection. 

Y. Song et al.                                                                                                                                                                                                                                    



Engineering Structures 275 (2023) 115337

7

beam end was set equal to the stiffness of the reaction system given in 
the test reports [19,20]. In accordance with the loading conditions in the 
tests, vertical displacements were applied to the tops of the columns, 
which is same to the load application shown in Fig. 4. Since the bolts 
were all snug-tightened in the tests, bolt preload was again not incor-
porated in the validation models. The settings of element type, mesh size 
and contact property are exactly the same to those described previously 
in Sections 3.1, hence are not repeated herein. For modelling the ma-
terials in these test specimens (S275 steel plates/sections and G 8.8/10.9 
bolts), the constitutive and fracture models introduced in Section 2 were 
employed. The material parameters (Table 1) were calibrated by the 
reported stress–strain curves of the actual test materials if they are 
available [55]. For the G 8.8/10.9 bolts of which the stress–strain (load- 
deformation) curves were not reported, the bolt test results (of the same 
grade and diameter) reported elsewhere [57,61] were employed for 
calibrating the required parameters. 

Fig. 9(a) compares the simulated vertical load–displacement (of the 
middle column) responses with the test results of the four specimens. 
Moreover, Fig. 9(b)-(d) present the tested and simulated failure modes. 
It can be seen that the overall responses of the specimens are reasonably 
predicted by the FEA. Final failures of the specimens were due to frac-
tures of the web angle (W-8) or tension bolts (W-12, P-1 and P-2), which 
were also faithfully reproduced. It should be noted that in the FEA, some 
high Mises stresses (up to 2769 MPa, shown in the legend in Fig. 9) were 
reached in a small number of elements close to the fracture surfaces. 
These stresses are solely due to excessive distortions of the elements 
after fracture (element deletion), which are not related to any physical 
implications. 

4. Parametric study of flush end-plate (FEP) connections 

4.1. Overview of parameters 

To evaluate the performances of FEP connections with carbon steel 
and stainless steel bolts, a comprehensive parametric study was carried 
out based on the FE model and the connection configuration shown in 
Fig. 4 and Fig. 6(a), respectively. Three variables related to the config-
uration were incorporated: (1) the end-plate thickness t; (2) the position 
of bolts; and (3) the number of bolt-rows. The bolt position was changed 
by varying the vertical distance ap (see Fig. 6(a)) between the outer most 
bolt-row and the external surface of beam flanges. In addition, two pa-
rameters related to the structural layout were considered, i.e., the lateral 
restraining stiffness of surrounding span, Ksf (corresponding to three 
practical cases show in Fig. 5), and the clear span-to-depth ratio of 

beams in the prototype structure (Fig. 2). For the latter, the beam depth 
Db was maintained constant (406 mm) for all the cases, whilst the clear 
span Lb of the beams was set to be 4000, 6000 and 8000 mm, hence 
obtaining Lb/Db equal to approximately 10, 15 and 20. Table 2 sum-
marises the combinations of parameters in this study. For each of the 
cases, conditions with carbon steel G 8.8 bolts (CSB) and stainless steel 
A4-80 bolts (SSB) (M20x80 partially threaded bolts) were analysed. All 
the other structural components (beam, column, end-plate etc.) were 
designed to be S275 carbon steel. 

4.2. General connection behaviour and failure modes 

The behaviour of a beam-to-column connection is largely affected by 
the axial force of the beam in a column removal scenario. For FEP 
connections, the beam axial force is initially compressive due to the 
contact between the end-plate and the column flange against beam 
rotation. The orientation of the compressive force is alone the line 
connecting the compressive centres at both ends of the beam, creating 
the so-called “arching action” (Fig. 10(a)). This beneficial effect en-
hances the vertical load resistance, which vanishes when the action line 
becomes horizontal. Thereafter, the effect of compressive axial force 
reduces the vertical load resistance. With further developments of chord 
rotation, the axial compressive force gradually decreases and finally 
turns into tensile due to the separation of end-plate and column, creating 
the “catenary action” (Fig. 10(b)). Fig. 10(c) quantitatively demon-
strates the effects of beam axial force (blue curves) on the vertical load 
resistance (red curves) with the development of beam chord rotation. 
Comparing with the benchmark condition with pure flexural action (Ksf 
= 0), the compressive arching action (with Ksf = 132kN/mm) creates an 
increase in the vertical load resistance when the chord rotation is less 
than around 0.05 rad. The case with 2 bolt-rows (Case 2) exhibits higher 
compressive axial force hence greater arching action than that with 4- 
bolt rows (Case 14). However, in either case the vertical load capacity 
is still mainly contributed by the flexural action when the beam axial 
force is compressive. This stage is hence referred to as “flexure-domi-
nant” in the remaining discussions. After a “transition state” (corre-
sponding with a beam chord rotation in the range of 0.08–0.1 rad for the 
cases with Lb/Db = 15.) where the axial force turns from compressive to 
tensile, the system enters the “catenary-dominant stage”, which is 
featured by drastically increased axial force and vertical load with the 
increase of chord rotation (see Fig. 10(c)). 

Figs. 11-13 illustrate three typical failure modes obtained for FEP 
connections. As shown in Fig. 11, the failure of a FEP connection with 
relatively thick end-plate is typically triggered by successive fractures of 

Fig. 9. Validation of FE models: (a) tested vs simulated vertical load–displacement responses; (b)-(d) comparison of failure modes obtained from tests [19,20] 
(permissions of reuse by ASCE and Elsevier) and FEA. 
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Table 2 
Summary of parameters and analysed results of FEP connections.  

Case No. Configuration of connection Ksf (kN/mm) Lb/Db Pd,max (kN) kP,SSB Failure mode1 (CSB/SSB) 

No. of bolt-rows ap (mm) t (mm) CSB SSB 

1 2 73 10 132 15 94 94  1.00 FBE/FE 
2 2 73 15 132 15 95 119  1.25 FB/FB 
3 2 73 20 132 15 96 122  1.27 FB/FB 
4 3 53 10 132 15 117 123  1.05 FBE/FE 
5 3 53 15 132 15 110 162  1.47 FB/FBE 
6 3 53 20 132 15 122 160  1.31 FB/FB 
7 3 73 10 132 15 109 109  1.00 FBE/FE 
8 3 73 15 132 15 115 165  1.44 FB/FBE 
9 3 73 20 132 15 121 155  1.29 FB/FB 
10 3 93 10 132 15 102 138  1.35 FBE/FE 
11 3 93 15 132 15 114 171  1.50 FB/FBE 
12 3 93 20 132 15 122 160  1.31 FB/FB 
13 4 73 10 132 15 116 116  1.00 FBE/FE 
14 4 73 15 132 15 133 225  1.69 FB/FBE 
15 4 73 20 132 15 144 218  1.51 FB/FB 
16 4 73 15 17.5 15 124 214  1.73 FB/FBE 
17 4 73 15 48 15 127 220  1.73 FB/FB 
18 4 73 15 132 10 213 284  1.33 FB/FBE 
19 4 73 15 132 20 94 192  2.04 FB/FBE  

1 : Abbreviations of the failure modes: “FB”-Fracture of bolts; “FE”-Fracture of end-plate; “FBE”-Fracture of bolts with cracking in the end-plate. 

Fig. 10. Effects of axial force of beam on vertical load-carrying behaviour of FEP connections: (a) compressive arching action; (b) tensile catenary action; (c) vertical 
load–displacement curves with or without axial force effects. 

Fig. 11. Failure of FEP connections with bolt fractures (Mode FB).  
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bolts from the bottom to the top (Mode FB), each corresponds with a 
sudden drop of vertical load. With this failure mode, distinct behaviours 
were observed between the connections with carbon steel bolts (CSB) 
and stainless steel bolts (SSB): for the former, the bolts fractured at 
relatively small chord rotations due to the low ductility of CSB. Since the 
connection was still in the flexure-dominant stage, the load-carrying 
capacity dropped significantly after the 1st bolt fracture (Stage A). On 
the other hand, a connection equipped with ductile SSB could sustain a 
much larger chord rotation, hence enabling the development of catenary 
action. Due to the catenary action, the vertical load carried by the 
connection with SSB increases substantially after the fracture of the 1st 
bolt-row (State A’ in Fig. 11), leading to a higher load at the 2nd bolt 
fracture (State B’). 

For connections with relatively thin end-plates, final failure was 
commonly due to complete cracking of end-plates alone the fillet welds 
(Mode FE). This type of failure typically originates from an initial 
cracking adjacent t o the weld toes joining the beam web (referred to as 
the “web crack”) or flange (flange crack), corresponding to States A and 
B in Fig. 12. However, short individual cracks did not lead to significant 
deteriorations of the load capacity, until the development of an indi-
vidual crack through the end-plate thickness (State C), or the coales-
cence of flange and web cracks (State D). With this failure mode, the 
connection behaviour is less related to the ductility of the bolt, hence the 
use of SSB instead of CSB should have limited effects on the overall 
response. 

In the rest of the cases, the connections failed by combined fractures 

of bolts and end-plates (Mode FBE). For example, the failure shown in 
Fig. 13 was initiated by a web crack of the end-plate (State A), followed 
by the fracture of the 1st bolt-row (State B), as well as the development 
and coalescence of end-plate cracking (States C and D). Due to the 
contribution of catenary action, the vertical load re-ascended immedi-
ately after States B and C. The maximum vertical load was achieved right 
before State D. 

It should be noted that all the above discussions are based on the 
(quasi-) static responses of connections and sub-structures. However, in 
practical column removal scenarios, the structural response is actually 
dynamic since columns are generally removed suddenly due to blasts or 
external impacts. This is equivalent to a condition with suddenly applied 
floor loads on the affected structures directly above the removed col-
umn. To consider this effect, an energy approach proposed by Izzuddin 
et al. [66] was adopted to link the static and dynamic responses of sub- 
structures (connections). As illustrated in Fig. 14, a “pseudo-static 
response” can be derived by enforcing the equilibrium between the 
static internal energy (Area II + III in Fig. 14) and the work done by the 
dynamic load (Area I + II) for a series of given displacement ud up to 
final failure. The peak load of the pseudo-static response, i.e. the 
maximum dynamic load Pd,max, is an indicator of the maximum resis-
tance of the sub-structure under a dynamic column removal scenario, 
which is taken as a primary performance index in this study. In addition, 
the enhancement ratio of the maximum dynamic load due to the use of 
SSB instead of CSB, i.e., kP,SSB = Pd,max,SSB/Pd,max,CSB, can be used to 
evaluate the effectiveness of using stainless steel bolts for enhancing the 

Fig. 12. Failure of FEP connections with end-plate fracture (Mode FE).  

Fig. 13. Failure of FEP connections with combined fractures of bolts and end-plate (Mode FBE).  
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collapse resistance. The calculated Pd,max and kP,SSB are summarised in 
Table 2 for all the analysed cases along with the identified failure modes 
(FB, FE or FBE). 

4.3. Effect of connection configuration 

Fig. 15(a) shows the static load–displacement responses of FEP 
connections with 10, 15 and 20 mm end-plates, where the responses of 
connections with carbon steel bolts (CSB) and stainless steel bolts (SSB) 
are compared for each of the cases. The transition states of the con-
nections (if existed), where the behaviour turns from flexure-dominant 
to catenary-dominant, are marked by circles in the figure. It can be 
seen that the static responses with CSB and SSB only differ after the first 
component fracture. For the connections with 15 and 20 mm end-plates, 
final failure was Mode FB or FBE. In these cases, replacing the CSB with 
SSB postponed the final failure from the flexure-dominant to catenary- 
dominant stage, hence creating the “re-ascending” response after the 
1st bolt fracture. Using either CSB or SSB had limited effects on the 
overall response when the failure mode is FE (with a 10 mm end-plate): 
since in either condition the failure was triggered by premature end- 
plate cracking in the flexure-dominant stage. Hence, the ductility of 
SSB, as well as the potential load enhancement due to the catenary ac-
tion were not fully exploited. Fig. 15(b) shows the pseudo-static re-
sponses (obtained through the method illustrated in Fig. 14) of these 

three cases, where the maximum dynamic loads (Pd,max) are marked 
with stars. For connections failed in the flexure-dominant stage (all the 
connections with CSB and the t = 10 mm connection with SSB), the 
maximum dynamic load was attained at a relatively small displacement 
close to first fracture. For the rest connections failed in the catenary- 
dominant stage, higher dynamic loads could be attained at 2nd or 3rd 
fractures. As summarised in Table 2, the 15 and 20 mm FEP connections 
with SSB reached 44 % and 29 % higher Pd,max compared with the 
counterparts having CSB. On the other hand, the Pd,max remains basically 
unchanged for the 10 mm FEP connections with SSB or CSB. 

Fig. 16(a) shows the static load–displacement responses of 15 mm 
FEP connections with the distance ap (see Fig. 6(a)) equal to 53, 73 and 
93 mm. It can be seen that the static load resistance in the flexure- 
dominant stage increases with the decrease in ap. However, the 
maximum dynamic loads (See Fig. 16(b) and Table 2) of the connections 
with CSB are basically equal with different ap, which is primarily due to 
the earlier fractures of the bolts, despite the higher static loads achieved 
with reduced ap. All the connections with SSB exhibited sufficient 
deformation capacity to enter the catenary-dominant stage, leading to 
considerable enhancements in the maximum dynamic load (40–50 %) 
compared with the connections with CSB. Within the catenary-dominant 
stage, ap seems to have limited effects on either the static or dynamic 
load. 

The effects of bolt-row number on the static and pseudo-static load 
responses are demonstrated in Fig. 17. By increasing the number of bolt- 
rows from 2 to 4, the static load resistance was significantly enhanced in 
both flexure-dominant and catenary-dominant stages. The first bolt 
fracture was also postponed due to the force redistribution among bolt- 
rows (see Fig. 17(a)). Both effects contributed to the significant increase 
in the maximum dynamic load with the increase of bolt-row number, 
which can be seen in Fig. 17(b) and Table 2 (Cases 2, 8 and 14). The ratio 
kP,SSB also enhanced remarkably (from 1.25 to 1.69), demonstrating a 
more effective use of stainless steel bolts with an increased number of 
bolt-rows. It is noteworthy that with two rows of SSB, the catenary ac-
tion was not activated due to the softening response of static 
load–displacement and the insufficient deformation capacity. 

4.4. Effect of structural layout 

The effect of lateral restraining stiffness Ksf is demonstrated through 
Cases 14, 16 and 17. From Fig. 18(a), it can be seen that the lateral 
restraining stiffness only influences the connection response in the 
catenary-dominant stage: with higher Ksf, the ascending stiffness (the 
slope of the curve prior to first bolt fracture) is remarkably increased. 
The peak static load, however, is basically not affected, though it is 
attained at smaller chord rotations with higher Ksf. With respect to the 
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Fig. 14. Conversion of static load–displacement response to pseudo-static 
(dynamic) response. 
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Fig. 15. Effect of end-plate thickness on load–displacement response of FEP connections (Cases 7, 8 and 9): (a) static responses; (b) pseudo-static responses.  
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pseudo-static response (Fig. 18(b)), the maximum dynamic loads of the 
connections are only slightly affected by the lateral restraining stiffness. 
The ratio kP,SSB maintains basically unchanged in the three cases (see 

Table 2), indicating that the effectiveness of using SSB is not affected by 
varying the lateral restraining stiffness. 

Fig. 19(a) illustrates the effect of beam span-to-depth ratio (Lb/Db) on 
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Fig. 16. Effect of bolt-row position on load–displacement response of FEP connections (Cases 5, 8 and 11): (a) static responses; (b) pseudo-static responses.  

Fig. 17. Effect of number of bolt-rows on load–displacement response of FEP connections (Cases 2, 8 and 14): (a) static responses; (b) pseudo-static responses.  
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Fig. 18. Effect of lateral restraining stiffness on load–displacement response of FEP connections (Cases 14, 16 and 17): (a) static responses; (b) pseudo- 
static responses. 
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the static load–displacement response, where one can clearly identify 
that in the flexure-dominant stage, the static load increases significantly 
with the decrease in Lb/Db. This is however not due to the enhancement 
in the flexural strength, but because of the reduced lever arm (the dis-
tance between the connection and the point of contraflexure shown in 
Fig. 2). With the use of SSB, the transition state is significantly post-
poned, and the extent of catenary action is reduced with the decrease in 
Lb/Db. From the pseudo-static responses (Fig. 19(b) and Table 2), it can 
be seen that although the maximum dynamic load increases with the 
decrease of Lb/Db, the ratio kP,SSB decreases significantly (from 2.04 to 
1.33) with the reduce of Lb/Db from 20 to 10. 

5. Parametric study of web angle (WA) connections 

5.1. Overview of parameters 

The performances of WA connections with and without stainless steel 
components are evaluated based on the configuration shown in Fig. 6 
(b). To achieve the full ductility of the stainless steel components, the 
premature failures of the shear bolts (the ones connected to the beam 
web) and the beam webs in bearing/block shear were suppressed 
through providing more shear bolts than required, and stiffening the 
beam web with 10 mm doubling plates on both sides. Again, three 

configurational parameters (the thickness t of the web angle, the number 
of bolt-rows and the geometric parameter ap) and two parameters of 
structural layout (the lateral restraining stiffness Ksf and the beam span- 
to-depth ratio Lb/Db, as defined in Section 4.1) were considered. The 
geometric parameter ap for WA connections is the horizontal distance 
between the centres of the tension bolts to the surface of the web stiff-
ening plate (see Fig. 6(b)). Table 3 summarises the combinations of 
design parameters for the WA connections. A total of four combinations 
(scenarios) of angles and bolts were considered: (1) carbon steel angles 
(CSA) + carbon steel bolts (CSB), which is the benchmark condition; (2) 
stainless steel angles (SSA) + CSB; (3) CSA + stainless steel bolts (SSB); 
and (4) SSA + SSB. However, full comparisons of the four combinations 
were only made for Cases 6 and 8 (Section 5.3). For all the other cases, 
only two combinations ((1) and (4)) were considered. 

5.2. Connection behaviour and failure modes 

Since the flexural capacity of a normally pinned WA connection is 
negligible throughout the loading, the vertical load applied on the 
removed (middle) column is carried mostly by the catenary action, 
which begins to develop at a relatively small chord rotation when the 
clearances between the shear bolts and the bolt holes are closed. The 
arching action does not exist for WA connections due to the initial gap 

Fig. 19. Effect of beam span-to-depth ratio on load–displacement response of FEP connections (Cases 14, 18 and 19): (a) static responses; (b) pseudo-static responses.  

Table 3 
Summary of parameters and analysed results of WA connections.  

Case No. Configuration of connection Ksf (kN/mm) Lb/Db Pd,max (kN) kP,SSAB Failure mode1 (CSAB/SSAB) 

No. of bolt-rows ap (mm) t (mm) CSAB (CSA + CSB) SSAB 
(SSA + SSB) 

1 2 60 8 132 15  38.1  71.7  1.88 FB/FB 
2 2 60 12 132 15  33.4  69.6  2.08 FB/FB 
3 3 50 8 132 15  50.5  112.5  2.23 FBA/FB 
4 3 50 10 132 15  45.4  103.0  2.27 FB/FB 
5 3 50 12 132 15  44.0  111.6  2.54 FB/FB 
6 3 60 8 132 15  55.8  106.9  1.92 FBA/FB 
7 3 60 10 132 15  48.1  97.1  2.02 FB/FB 
8 3 60 12 132 15  48.7  100.8  2.07 FB/FB 
9 3 70 8 132 15  52.9  106.2  2.01 FA/FB 
10 3 70 10 132 15  50.7  93.7  1.85 FB/FB 
11 3 70 12 132 15  48.5  94.2  1.94 FB/FB 
12 4 60 8 132 15  62.1  130.4  2.10 FBA/FB 
13 4 60 12 132 15  57.9  128.1  2.21 FB/FB 
14 3 60 10 17.5 15  49.0  99.0  2.02 FB/FB 
15 3 60 10 48 15  47.4  97.0  2.05 FB/FB 
16 3 60 10 132 10  59.0  116.5  1.97 FB/FB 
17 3 60 10 132 20  42.9  87.3  2.03 FB/FB  

1 : Abbreviations of the failure modes: “FB”-Fracture of bolts; “FA”-Fracture of web angle; “FBA”-Fracture of bolts with cracking in the web angle. 
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between the beam end and the column surface. 
Again, three failure modes were obtained for WA connections, i.e., 

angle fracture (Mode FA), bolt fracture (Mode FB) and a combined mode 
(Mode FBA). For mode FA (Fig. 20), the initial cracking at the root of an 
angle typically developed much faster than that in an end-plate, which is 
due to the more uniform stress distribution across the angle section. 
Consequently, the vertical load/axial force dropped rapidly after the 1st 
cracking, making it impossible for any force re-distribution or re- 
ascending of load. 

Fig. 21 illustrates a typical failure process of Mode FB. Similar to 
Mode FB of FEP connections, the failure was caused by successive 
fractures of the bolts from the bottom to the top, each corresponding 
with a sudden drop in the vertical load/axial force. Due to the strong 
catenary action in WA connections, the sudden load drop was always 
followed by an immediate re-ascending branch due to the force redis-
tribution among the remaining bolt-rows. The maximum dynamic load 
was typically achieved right before the fracture of the last bolt-row. 
Furthermore, it was noted that the SSB in the WA connections exhibi-
ted a distinct fracture mode with combined tension and shear, which is 
due to the membrane action of the web angles when subjecting to large 
deformations (Fig. 22). This particular fracture mode was not observed 
for CSB due to their relatively low ductility, hence the membrane action 
cannot be developed. 

Fig. 23 shows a typical failure process of Mode FBA. Different from 
Mode FBE of FEP connections, the cracking of angle typically occurred at 
the end of loading, after the fractures of all except the last (top) bolt- 
rows. The identified failure modes of all the WA connections are sum-
marised in Table 3. Due to the relatively high deformation capacity of 
web angles, Mode FB was observed in 30 out of the total 34 cases 
(including all the 17 cases with SSA). Web angle cracking only occurred 
in the 8 mm thick carbon steel angles. 

5.3. Different combinations of components 

Fig. 24 shows the static and pseudo static load–displacement re-
sponses with different combinations of angle and bolt materials, where 
the values of the maximum dynamic loads with the four combinations of 
angles and bolts are also given (Fig. 24(b) and (d)). For Case 6 where 8 
mm web angles are employed (Fig. 24(a) and (b)), the use of stainless 
steel angles alone (SSA + CSB) did not produce significant enhancement 
in either the static or pseudo-static performance comparing with the 
benchmark scenario (CSA + CSB). This is due to the premature failures 
of CSB in both scenarios. The use of stainless steel bolts alone (CSA +
SSB) led to slight increases in the maximum static and dynamic loads (in 
comparison with the benchmark scenario). However, in this scenario the 

load resistance was limited by the fracture of CSA. As expected, the 
highest load resistance was obtained through the combined use of SSA 
and SSB: the maximum static and dynamic loads were nearly doubled 
compared with the benchmark scenario. 

For Case 8 where 12 mm web angles were used (Fig. 24(c) and (d)), 
the connections failed by Mode FB in all the scenarios. Therefore, the 
performance is primarily related to the ductility of the tension bolts. As 
can be seen in Fig. 24(c), with the use of SSB, the maximum static load 
and the rotation capacity (the chord rotation at final failure) are both 
significantly enhanced. The maximum dynamic load is increased by 
more than one time comparing with the benchmark scenario with CSA 
and CSB (Fig. 24(d)). It can be also noted that with the use of SSB, the 
adoption of either CSA or SSA has barely any effect on the overall 
response. 

From the above comparisons, it can be seen that the use of both SSA 
and SSB seems to be necessary to guarantee the expected enhancement 
in the collapse resistance (especially in the cases with thin web angles). 
In the remaining of this section, only one scenario with stainless steel 
angles and bolts (SSA + SSB, or SSAB) is considered along with the 
benchmark scenario (CSA + CSB, or CSAB) for each of the cases. 

5.4. Effect of connection configuration 

The effect of web angle thickness t is demonstrated in Fig. 25. It can 
be seen that the maximum static load and the rotation capacity are both 
enhanced, whilst the stiffness of the ascending branch is decreased, with 
the decrease in angle thickness (Fig. 25(a)). This is due to the relatively 
high flexibility of thinner web angles. Cracking of web angle only 
occurred in CSA at relatively large rotations (well after 2nd bolt frac-
ture), hence had limited influence on the overall performance. From 
Fig. 25(b) and Table 3, it can be seen that the maximum dynamic load 
Pd,max, and the ratio of the maximum dynamic loads with stainless steel 
and carbon steel components (kP,SSAB) are barely affected by the angle 
thickness. 

As shown in Fig. 26(a), with the decrease in distance ap, the stiffness 
of the ascending branch is enhanced, whilst the maximum static load 
decreases slightly due to earlier fracture of the 1st bolt-row. Moreover, a 
carbon steel web angle with smaller ap appears to be less prone to angle 
cracking. As shown in Fig. 26(b) and Table 3, there is no clear rela-
tionship between Pd,max (as well as kP,SSAB) and the position of bolts. 

It can be seen from Fig. 27(a) that by increasing the number of bolt- 
rows, all the characteristics related to the collapse-resisting perfor-
mance, i.e., the stiffness of the ascending branch, the maximum static 
load, as well as the rotation capacity, are enhanced. Consequently, the 
maximum dynamic load and the ratio kP,SSAB both increase substantially 

Fig. 20. Failure of WA connections with angle fracture (Mode FA).  
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Fig. 21. Failure of WA connections with bolt fractures (Mode FB).  

Fig. 22. Combined tension & shear fracture of stainless steel bolts in WA connections.  

Fig. 23. Failure of WA connections with combined fractures of angle and bolts (Mode FBA).  
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with the number of bolt-rows (Fig. 27(b) and Table 3). 

5.5. Effect of structural layout 

As shown in Fig. 28(a), an increase in the lateral restraining stiffness 
(Ksf) enhances the stiffness of the ascending branch, whilst the maximum 

static load and the rotation capacity are only slightly affected. As can be 
seen in Fig. 28(b) and Table 3, the maximum dynamic loads and the 
ratio kP,SSAB are barely influenced by the magnitude of Ksf. 

With a reduction in the beam span-to-depth ratio (Lb/Db), the stiff-
ness of the ascending branch is decreased, whilst the maximum static 
load and the rotation capacity are both increased (Fig. 29(a)). Although 

Fig. 24. Performances of WA connections with different combinations of stainless steel components: (a) static responses with 8 mm web angle (Case 6); (b) pseudo- 
static responses with 8 mm web angle (Case 6); (c) static responses with 12 mm web angle (Case 8); (d) pseudo-static responses with 12 mm web angle (Case 8). 

Fig. 25. Effect of thickness of web angle on load–displacement response of WA connections (Cases 6,7 and 8): (a) static responses; (b) pseudo-static responses.  
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Fig. 26. Effect of bolt position on load–displacement response of WA connections (Cases 3, 6 and 9): (a) static responses; (b) pseudo-static responses.  

Fig. 27. Effect of number of bolt-rows on load–displacement response of WA connections (Cases 1, 6 and 12): (a) static responses; (b) pseudo-static responses.  

Fig. 28. Effect of lateral restraining stiffness on load–displacement response of WA connections (Cases 7, 14 and 15): (a) static responses; (b) pseudo-static responses.  
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higher maximum dynamic loads were obtained with smaller span-to- 
depth ratios (Fig. 29(b)), it can be seen from Table 3 that the ratio kP, 

SSAB maintains basically constant with different Lb/Db. 

6. Evaluation of results and recommendations on connection 
configuration 

From the parametric study, the two performance indexes, i.e., the 
maximum dynamic load with the use of stainless steel components 
(Pd,max,SSB or Pd,max,SSAB), as well as the ratio of maximum dynamic loads 
with and without stainless steel components (kP,SSB or kP,SSAB) were 
extracted (summarised in Tables 2 and 3) and are visualised in Fig. 30 
for FEP and WA connections with different configurations. Overall, the 
FEP connections with SSB exhibit higher maximum dynamic loads (red 
columns in Fig. 30) than the WA connections with SSA and SSB, which is 
mainly attributed to the higher early-stage capacities (due to the flexural 
and arching actions) of the former. Nevertheless, the use of stainless 
steel components in WA connections is much more effective than that in 
FEP connections. This can be seen from the higher dynamic load ratios of 
WA connections (mean and maximum values of kP,SSAB are 2.09 and 
2.54, respectively) than those of FEP connections (mean and maximum 
values of kP,SSB are 1.30 and 1.69). This is due to the greater contribution 
of the catenary action (hence the collapse resistance relies more on the 
component ductility) in WA connections. 

For FEP connections (Fig, 30(a)), it is clear that the use of SSB with 
thin (in this study 10 mm) end-plates should be avoided: as it could 

significantly detriment both Pd,max,SSB and kP,SSB, due to premature end- 
plate fractures before achieving the full ductility of SSB. The use of 15 
mm end-plate seems to be an optimum choice among all the cases as it is 
sufficient to control the development of end-plate cracking, whilst still 
enables some bending deformations of the end-plate before bolt frac-
tures. The change of bolt position (by varying ap) does not have signif-
icant effect on both Pd,max,SSB and kP,SSB. For WA connections, the effect 
of configuration seems to be insignificant, though slightly higher Pd,max, 

SSAB can be achieved with the tension bolts placed closer to the beam 
web (smaller ap). For both FEP and WA connections, the increase in the 
number of bolt-rows could significantly enhance the absolute maximum 
dynamic load and the effectiveness of using stainless steel components. 

7. Conclusions 

This paper proposed the use of stainless steel components for 
enhancing the progressive collapse resistance of flush end-plate (FEP) 
and web angle (WA) beam-to-column connections. The core idea is to 
replace the critical connection components (bolts and web angles), that 
are subjected to large deformation demands, with highly ductile 
(austenitic) stainless steel counterparts, hence achieving enhancements 
in both connection ductility and ultimate load capacity. To quantita-
tively assess the viability and effectiveness of this concept, finite element 
(FE) push-down analyses were carried out simulating a middle column 
removal scenario. Specifically, the constitutive and fracture models 
were calibrated against previous material tests of carbon/stainless steel 

Fig. 29. Effect of beam span-to-depth ratio on load–displacement response of WA connections (Cases 7, 16 and 17): (a) static responses; (b) pseudo-static responses.  

Fig. 30. Summary and evaluation of collapse-resisting performances: (a) FEP connections with stainless steel bolts; (b) WA connections with stainless steel bolts 
and angles. 
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components to accurately predict their failure modes. The FE models 
were validated against available sub-structure tests of FEP and WA 
connections. Thereafter, an extensive parametric study was performed 
to investigate the behaviours of connections with and without stainless 
steel components, as well as the effects of various configurations and 
structural layouts. Two performance indexes, i.e. the absolute maximum 
dynamic load, and the ratio of maximum dynamic loads with and 
without stainless steel components, were introduced to evaluate the 
collapse resistance of the connections. The following conclusions are 
drawn from this research:  

• The use of stainless steel bolts (SSB) instead of carbon steel bolts 
(CSB) in FEP connections generally led to remarkable increases in the 
deformation capacity. Consequently, the development of catenary 
action could be guaranteed, and the maximum dynamic load was 
increased by around 30 % on average.  

• For WA connections, the use of stainless steel angles (SSA) alone did 
not produce significant improvement in performance due to the 
limited ductility of CSB. On the other hand, the use of SSB alone led 
to significant enhancements in deformation and load capacities, 
provided the web angles have sufficient ductility against premature 
cracking. The combined use of SSA and SSB produced the most 
satisfied performance: the maximum dynamic load was enhanced by 
109 % on average compared with the benchmark conditions with all 
carbon steel components.  

• To fully exploit the ductility of SSB in FEP connections, the use of 
relatively thick end-plates are recommended in order to avoid pre-
mature failures due to end-plate fractures. The position of bolt-rows 
seemed to have limited influence on the collapse resistance of FEP 
connections  

• The thickness of web angle does not have notable effect on the 
collapse resistance if both SSB and SSA are used in WA connections. 
With tension bolts placed closer to the beam web, the collapse 
resistance of WA connections was slightly enhanced.  

• For both FEP and WA connections, increasing the number of tension 
bolt-rows could provide additional redundancy and enable force 
redistribution after partial failure. Hence, the deformation and load 
capacities can be both increased, leading to a remarkable enhance-
ment in the collapse resistance.  

• The lateral restraining stiffness of surrounding spans had limited 
influence on the resistance of connections in the collapsing spans 
(directly affected by the removed column). A decrease in the beam 
span-to-depth ratio could enhance the vertical load resistance due to 
the reduced lever arm. 

• It is proved in this study that the use of ductile stainless steel com-
ponents could effectively improve the ductility of beam-to-column 
connections, hence guarantee the development of catenary action 
and enhance the progressive collapse resistance. This enhancement 
was confirmed for a wide range of cases with few limitations on the 
connection configuration. Considering the very competitive cost- 
efficiency, as well as the minor modifications to exiting design and 
construction practices, the proposed concept has great potential to 
benefit new designs and retrofitting works, provided the special 
design requirements (e.g. the galvanic corrosion consideration and 
the differences in bolt preload and fiction factor) of stainless steel 
components are well recognised. The concept could be extended to 
many other scenarios (other than the FEP and WA connections), 
where the ductility of a few critical components controls the 
robustness of the entire system. 
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